The DNA sequence of the intragenic region of the rat 45S ribosomal RNA precursor was determined. This sequence contains 2282 nucleotides and extends from the conserved EcoR I site near the 3' terminus of 18S rRNA to 69 nucleotides downstream of the 5' terminus of 28S rRNA. The sequences corresponding to 18S and 5.8S rRNA were identified by comparison with previously published data. The 5' terminus of rat 28S rRNA was identified by SI nuclease protection and reverse transcriptase elongation assays. The internal transcribed spacers were found to be 1066 and 765 nucleotides long and had little homology with those of Xenopus and yeast. Regions of sequence homology between rat and Xenopus were found at the junctions of the internal transcribed spacers with 18S, 5.8S and 28S rRNA. These homologies suggest that these sequences may function as recognition sites for the processing of the ribosomal precursor RNA.
INTRODUCTION
Ribosomal RNA is synthesized as a 45S preribosomal precursor and processed to yield the 18s, 5.8S and 28S ribosomal RNA molecules (1, 2) . The fidelity of formation of these products Implies that there is a stringent requirement for the recognition of the termini of the preserved portions of the initial transcript. The nucleotide sequences of these processing points may provide the information required by these reactions in a manner analogous to that which has been hypothesized for the excision and ligation events involved in the processing of mRNA precursors (3) . To evaluate processing sites, a portion of a cloned rat ribosomal DNA repeat was sequenced from the 3' terminus of 18S RNA to the 5' terminus of 28S RNA. This region contains four processing sites. We have used the terms of Hall and Maden (4) to define the spacer between the 18S and 5.8S RNA sequences and the spacer between the 5.8 and 28S RNA sequences as ITS1 and ITS2, the first and second Internal transcribed spacers, respectively.
The portion of the rat rDNA sequenced was examined for regions of interest and was compared with the available analogous portions of the Xenopus (4), yeast (5, 6, 7) , Bombyx (8) and Lvtechninus (9, and Hlndenach and Stafford, personal communication) .
MATERIALS AND METHODS
p59 is a fragment of ChR-B4 (10) bordered by EcoR I and BamHI sites, cloned in the vector pBR322. This subclone has been characterized by both restriction endonuclease digestion and Southern hybridization analysis and was shown to contain the 3* end of 18S RKA, 5.8S RNA and the 5' end of 28S rRNA (10). Starting at the EcoR I site near the 3' end of 18S rRNA the nucleotlde sequence was determined by the method of Maxam and Gilbert (11) . The 5' end of 28S rRNA was defined both by SI endonuclease mapping (12) using a BstNl-Hinf I fragment labeled at the Hinf I site and by reverse transcriptase elongation (13) using a Sau 3A-Hinf I fragment labeled at the Hinf I site (Fig. 1) . The sequence was analyzed by using the computer program of Eorn and Queen (14) .
RESULTS
Sequence determination. The DNA sequenced contained the 3' end of 18S, ITSI, 5.8S, ITSII and the 5' end of 28 rRNA coding regions and the sequencing strategy is shown in Fig. 1 . The 2282 nucleotides of the sequence are shown in Fig. 2 . The regions of mature ribosomal RNAs are indicated as boxed regions. Approximately 93% of the sequence was confirmed by sequencing both strands. The sequence between nucleotides 1604 and 1750 was confined by sequencing twice in the same direction and had no ambiguities. All of the restriction sites used in obtaining the sequence were confirmed by sequencing through these sites. There were some ambiguities when fragments with runs of "G" and "GA" were sequenced. These are indicated with wavy lines in Fig. 2 .
In these regions only the number of repeated nucleotides varied
In different sequencing runs. Thus the number of "G"s starting at nucleotide 675 was found to be 8 or 9; the sequence at 1811 could be G4TG5or G4TG6; and the run of 11 "GA" residues ending Figure 1 The structural organization of the rat ribosomal DNA repeat. The expanded portion of the map describes the subcloned EcoR I-Bam HI fragment that contains the intragenic region. The restriction sites that are relevant for the sequence determination only are indicated. Arrows indicate the direction and extent of the sequence obtained starting from a restriction site.
• represents the two fragments used in the SI mapping and reverse transcriptase elongation assay.
at nucleotide 1906 could be 10. The exact numbers of these nucleotides could not be confirmed froa the complimentary strand sequence.
Location of the mature ribosomal RNA regions in the sequence.
The terminal fifty nucleotides of the 3' end of 18S rRNA of rat were determined by Azad and Deacon (15) . This sequence agreed with nucleotides 177-227 of the sequence presented in Si nuclease mapping (12) and reverse transcriptase extension (13) .
The fragments used for this purpose were BstNI-Hinf I fragment or Sau 3A-Hinf I fragment both labeled at the Hinf I site (shown in Fig. 1 ). The sequence of Bet NI-Hinf I fragment which is complimentary to the 28S rRNA is shown in Fig. 3 
Determination of the 5' terminus of rat 28S rRNA. A Bst NI -Hinf I fragment (nucleotides 2103-2295) or Sau 3A -Hinf I fragment (nucleotides 2230-2295), both labeled at the Hinf I site using polynucleotide kinase were used in these experiments (see Fig. 1 for location of these fragments). Lane 1. Sau 3A -Hinf I fragment extended with reverse transcriptase after hybridization to 28S rRNA. Lane 2. Sau 3A -Hinf I fragment. Lane 3. Bst NI -Hinf I fragment hibridized to 28S and digested with SI nuclease. Maxam and Gilbert sequence ladder of Bst NI -Hinf I fragment (GACT). This sequence corresponds to the coding strand of DNA. The non-coding strand sequence is written below the autoradiograph.
•, indicates the 5' terminus of 28S rRNA.
quence specificity of the restriction enzyme Sau 3A (GATC); the Hinf-Sau 3A fragment labeled at its Hinf site has the 3 1 end sequence terminating with CCACGTCT ( Fig. 3 ; sequence written alongside the ladders). But this fragment when electrophoresed alongside of sequence ladders lines up between G and A, hence it moved lj nucleotides slower (Fig. 3, Lane 2) . This phenomenon has been described by Sollner-Webb and Reeder (25) . Thus it was concluded after a li nucleotide correction that the reverse transcriptase extended fragment (Fig. 3, Lane 1) terminated at the last G in the sequence TCGCG. Hence the 5' end of 28S rRNA has the sequence CGCGA; locating the 5' end at nucleotide 2215 in the sequence shown in Fig. 2 .
The sequence of internal transcribed spacers. In Fig. 2 , nucleotides 228-1293 were defined as the first internal transcribed spacer (ITS I) and nucleotides 1450 through 2214 as the second internal transcribed spacer (ITS II). These sequences had several interesting features. The lengths of the internal transcribed spacers regions (Table I) were more than twice those of Xenopus rDNA (4). The G + C content of the spacer regions is about 20% higher than that found in rat rRNAs (1).
When either the G or C content of the internal transcribed spacers is considered, the probability of occurrence of seven contiguous "G" or "C" residues is approximately 1 in 1000 nucleotides. However, there are seven such "G" "stretches" and no "C" stretches 7 nucleotides long.
Since the length of the rat internal transcribed spacers were twice as long as those of Xenopus, it was possible that this increase in length occurred through the endoreduplication of a portion of the sequence. Hence we analyzed the sequence for direct repeats. There are about 270 direct repeats between 7 and 14 nucleotides long. This number is an overestimate because overlapping sequences were not excluded from the analysis. Except for the "G" stretches, each direct repeat occurs only once. These sequences are scattered in the ITS sequences without any apparent order. Thus It appears that the rat ITS sequence did not increase in size due to the endoreduplication of a smaller region.
There are two sequences of unique nucleotide composition. One consists of 11 "T's" starting at nucleotide 1117 and the 
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TCCCTGCCCTTTGTA CACACCGCCCGTCOCTACTACCGATTGOATGG
TCCCTOCCCTTTOTA CACACCOCCCOTCGCTACTACCOATTGGATOO separates into two isomeric bands on 7 M urea gels (19) . It is possible that there are two different 5.8S rRNAs and that one sequence contains this GC dinucleotide, or there is an error in the 5.8S rRNA sequence. 28S rDNA. The 5' end of rat 28S rRNA has been reported to be heterogeneous (20) . We were able to define the 5' end as one of two nucleotides in the rDNA sequence, nucleotide 2214 or 2215 (Fig.  3) . The sequence of the first 70 nucleotides at the 5' end of rat 28S rRNA is highly homologous (95%) with Xenopus. Yeast and Xenopus are only 80% homologous in this region (7) . The overall sequence homology between the mature rRNAs (the 3' end of 18S, 5.8S and 5' end of 28S rRNAs) of rat and Xenopus are more extensive (95-98%) than that of rat and yeast (75-80%) or yeast and Figure 5 Nucleotide sequence of a portion of the 5.8S rDNA. A Hinf I fragment labeled at the 5' ends was cut with Dde I and the fragment corresponding to the non-coding strand of 5.8S rDNA was sequenced. The sequence written along side of the sequence ladders corresponds to the sequence between nucleotides 1314 to 1379 as shown in Fig. 2 . The arrow indicates the position where the 'GC dinucleotide reported to be present in 5.8S rRNA (16) would be found.
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Xenopue (75-80%), which is conslstant with the taxonomic distances of these species (26) . Internal transcribed spacer sequences. The rat ITS sequences are not homologous to those of Xenopus or yeast. This was not surprising, as in 1972 Brown e_t al^ (21) showed that there WBB little homology between the spacer sequences of two closely related Xenopus species. There are some characteristics of the ITS sequences that are specific for the ITS of each species and which distinguish them from the remainder of the gene. For example, in rat there are very few "A's" in the spacer sequence (5% , Table I ), and there are "unique" sequences such as runs of "T" residues or "GA" residues, as were described earlier. A large number of "G strings" (7 consecutive G's) are found in the rat ITS, whereas there was a preference for "C strings" in the ITS of Xenopus (4). The yeast ITS is "U" rich (7). In both rat and Xenopus, the internal transcribed spacer regions are 75-80% "GC" (Table I ) which is 15-20% more "GC" than the 60% of the mature rRKAs (1). It is not known whether any of these or any other features of the sequence make the spacer sequence a recognizable region for processing. It is also possible that there is some secondary structure conserved among the various spacer sequences. The high G + C content and the length of the ITS makes it difficult to select a significant secondary structure solely on the basis of conputer simulation. As there was little sequence conservation within the internal transcribed spacers, it was remarkable that the sequences flanking the 3' termini of 5.8S and 18S apparently were conserved (Fig. 6 ). This observation suggests that these sequences are involved in processing.
When the DNA sequence immediately beyond the 3' end of 18S rHNA of rat was compared with the corresponding rDNA sequences of various species (Fig. 6A) , the first three nucleotides of the internal transcribed spacer (ITS 1), were found to be identical in rat, Xenopus and Bombyx, i.e. A-C-G. The first five nucleotides were found to be A-C-G-Pu-Pu. In rat, Xenopus and Lytechninus, there is an A-G-A or G-A-G-A within these first six nucleotides. Beyond these five nucleotides, no consensus sequence was found.
The sequence similarity beyond the 3' end of 18s rRNA could have arisen by chance. The probability that an A-C-G triplet would be present immediately adjacent to the 3* end of 18S rRNA is 1/64, and that the same triplet would occur by random chance in three species of rDNA is (1/64) . In the consensus sequences shown in Fig. 2 , the triplet ACG occurs at a frequency of 0.45. Thus, the consensus sequence appears to be a preferred or conserved sequence rather than one of random probability. Therefore, sequences similar to the consensus sequence A-C-G-Pu-Pu could be recognition sites for processing at the 3' end of 18S rRNA in higher eukaryotes. The sequences A-A-G-A-A or A-A-A found in E. coli and yeast could be involved in a similar way in prokaryotes.
The sequence of the terminal 20 nucleotldes of 18S rRNA, which is more than 95% conserved in eukaryotes, could constitute a part of this recognition site for processing. At the 5' end flanking regions of 5.8S ribosomal RNA (Fig.6B) , there is very little sequence conservation.
The 3' end flanking region of rat 5.8S was compared with the sequence from Xenopus and sea urchin for possible homologies. In rat and Xenopus, G-A-C-G, A-T-C-G-C-C, and C-C were common sequences (boxed sequences in Fig. 6C ). In rat and sea urchin, C-A-A-T-C-G is common in this region. Assuming that this homology is not a chance occurrence, at least in Xenopus and rat, the sequence at the 3' end of 5.8S and the corresponding flanking region could constitute a recognition sequence for processing.
The 5' end flanking regions of 28S rDNA of rat and Xenopus are similar (Fig. 6D ). There is a pyrimidlne stretch followed by G-A-C immediately 5' to the 28S coding sequences.
In yeast the 5' termini of precursor and mature rRNA, the 5.8S, 17S and 26S, share a consensus sequence (7) . Similarly the 3' termini of 5.8S, 7S, 17S and 18S rRNA of yeast have a consensus sequence (6, 7) . Except for the conserved 3' end of 18S rRNA, the sequences at the termini of mature ribosomal RNAs of rat and yeast are different. Other consensus sequences were not found among the sequences of rat rRNA termini shown in Fig. 2 .
Veldman e_t a_l (7) have proposed that in yeast the 3' end of 5.8S rRNA and 5' end of 26S rRNA could interact to form a secondary structure. A similar structure can be constructed for the 5' end of rat 28S rRNA and the 3' end of 5.8S rRNA: In the absence of further information on the processing sites that generate the secondary precursors and any evidence of definitive secondary structure interactions, our findings are consistant with the possibility that whether or not the secondary structure of the ribosomal RNA precursors are conserved, the nucleotide sequence of the processing sites are involved in generating the proper termini of the mature ribosomal RNA. The homologies In the regions which flank 18S, 5.8S and 28S rRNA are more pronounced in the comparisons of the rat and Xenopus sequences than when the other eukaryotic sequences were compared. This finding suggests that processing mechanisms may vary with phylogeny and that the higher vertebrates might share a common process.
